Abstract The human cell line HK-2 is most commonly used as a model of renal proximal tubular epithelial cells (PTECs) for various studies despite the absence or low expression of transporters characteristic of parental PTECs. In an effort to develop reliable PTEC models, several human cell lines have been newly established over the last decade. In contrast, reliable mouse PTEC models are still unavailable. In this study, we established immortalized renal cortex tubule cell lines derived from p53 knockout mice and evaluated various PTEC characteristics toward the development of reliable mouse PTEC models. Here, we focus on MuRTE61, one of 13 newly established clonal cell lines. Albumin uptake in MuRTE61 cells was verified by incubation with fluorescent dyelabeled albumin. RT-PCR confirmed the expression of efflux transporter genes characteristic of PTECs in the MuRTE61 cells. MuRTE61 cells exhibited high sensitivity to treatment with cisplatin, a nephrotoxic agent, accompanied by upregulated expression of the uptake transporter Slc22a2 gene. Furthermore, MuRTE61 cells consistently formed spheroids with a lumen and apicobasal polarity in three-dimensional Matrigel cultures. Apical brush border microvilli were also observed in the spheroids by transmission electron microscopy. These data validate that MuRTE61 can be characterized as a reliable mouse PTEC line. In future, detailed analysis of reliable mouse and human PTEC lines will provide an accurate extrapolation of results of experiments using mice and humans, and may help resolve apparent inconsistencies between mouse and human nephrotoxicity.
Introduction
Renal proximal tubular epithelial cells (PTECs) are responsible for the reabsorption of numerous solutes from glomerular filtrate and excretion of metabolic waste products or xenobiotics from peritubular capillaries, contributing to renal clearance and, on occasions, nephrotoxicity. Therefore, PTEC transport mechanisms are the subject of much physiological and pharmacological research (Li et al. 2003; Brown et al. 2008) . PTECs are also an important tool for studying kidney diseases such as renal fibrosis, ischemic kidney injury and diabetic nephropathy (Havasi and Borkan 2011; Phillips 2003; Gewin 2018) . However, the number of population doubling PTECs is quite limited in vitro, so that a number of renal tubular cell lines have been established (Bens and Vandewalle 2008) . The human cell line HK-2 is most commonly used as a PTEC model for the study of basic cell biology, pharmacology, and toxicology as well as various kidney diseases, despite the absence or low expression of transporters characteristic of the parental PTECs (Jenkinson et al. 2012) . In an effort to develop reliable PTEC models, several human cell lines, such as ciPTEC, RPTEC/TERT1 and SA7K, have been newly established over the last decade (Wieser et al. 2008; Wilmer et al. 2010; Li et al. 2017) . In contrast, reliable mouse PTEC models are still unavailable.
In this study, we established immortalized renal cortex tubule cell lines derived from p53-deficient mice and evaluated the various PTEC characteristics toward the development of reliable mouse PTEC models.
Materials and methods

Mice
The p53-deficient mice (Tsukada et al. 1993) were generated by crossing heterozygous mice (Trp53?/-) on the C57BL/6N background (#CDB0001K). The heterozygous mice were provided by the RIKEN BioResource Center (Tsukuba, Japan).
Primary culture of mouse PTECs
Isolation of PTECs was performed as previously described (Gai et al. 2010) , with minor modifications. Kidneys from 8-week-old male mice were rinsed twice with Ca -free phosphate-buffered saline (PBS). The renal cortex slices were minced, and digested with TrypLE Express dissociation reagent (Thermo Fisher Scientific, Waltham, MA, USA) while rotating at 37°C for 15 min. The resultant mixture was diluted with renal epithelial cell growth medium (REGM, renal epithelial cell basal medium supplemented with 0.5% fetal bovine serum, recombinant human epidermal growth factor, insulin, hydrocortisone, epinephrine, Triiodothyronine, transferrin, 30 lg/mL gentamicin and 15 ng/mL Amphotericin) from Lonza (Basel, Switzerland), and then transferred into a 50-mL tube through a 100-lm cell strainer. The tissue debris remaining on the cell strainer was gently pressed with the plunger from a 2.5-mL syringe, and rinsed with REGM. The collected cell suspension was passed through a new 100-lm cell strainer to eliminate viscous substances, consisting mostly of genomic deoxyribonucleic acid, and then centrifuged at 75g for 5 min. The cell pellet was suspended in REGM, centrifuged again, and resuspended in REGM. The washed cells were plated on culture dishes with the Nunclon Delta surface treatment (Thermo Fisher Scientific), and incubated at 37°C in 5% carbon dioxide. The growth medium was exchanged every 2 days until the first passage. Almost all renal glomeruli were removed by the first medium change. Cells were passaged using TrypLE Express dissociation reagent when they became 80% confluent. After the first passage, the growth medium was exchanged every 3 days.
Cloning of immortalized mouse PTECs
Immortalization in p53-deficient PTECs occurs spontaneously, or senescence occurs in the early passage cultures as in p53-intact PTECs (Hanazono et al. 1997) . After seeding 1000 cells at passage 10 onto a 100-mm dish, colonies of homogenous cell populations were scraped and aspirated using a micropipette, and separately transferred to 96-well plates. Cell lines with poor proliferative capacity were withdrawn within four sequential passages. To obtain clonal cell lines, 100 cells at passage 15 were seeded onto a 6-well plate. The colonies were again isolated and cultured as described above. Clonal cells were routinely passaged to a ratio of 1:4 once every 3 days. Experiments were carried out at passage 25-35.
HK-2 cells
HK-2 cells were provided by the American Type Culture Collection (Manassas, VA, USA) and cultured in REGM.
RT-PCR analysis
The total RNA from cells was extracted and purified using NucleoSpin RNA (Macherey-Nagel, Düren, Germany). Reverse transcription of RNA to cDNA was performed with oligo dT primer and ReverTra Ace transcriptase enzyme (Toyobo, Osaka, Japan). Reverse transcription-PCR was performed with TaKaRa ExTaq HS polymerase enzyme (Takara Bio, Kusatsu, Japan). Quantitative real-time PCR was performed in triplicate, according to the manufacturer's protocol in KAPA SYBR FAST qPCR Master Mix Kit (Kapa Biosystems, Wilmington, MA, USA), using an Eco Real-Time PCR System (Illumina, San Diego, CA, USA). Relative quantitative levels of samples were determined by the 2 -DDCq method. PCR primers are shown in Table 1 .
Stimulation with BSA or TGF-b Cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 20 lg/mL bovine serum albumin (BSA, Merck, Darmstadt, Germany) or 5 ng/mL recombinant human transforming growth factor beta 1 (TGF-b1, R&D Systems, Minneapolis, MN, USA) for 24 h, and imaged using an EVOS FLoid Cell Imaging Station (Thermo Fisher Scientific).
Western blot analysis
Cells were lysed in RIPA buffer supplemented with protease and phosphatase inhibitors (#04080 and #07574-61, Nacalai Tesque Inc., Kyoto, Japan) and boiled with 2% sodium dodecyl sulfate (SDS) and 5% 2-mercaptoethanol. Lysates were electrophoresed in a SDS-polyacrylamide gel and blotted on polyvinylidene difluoride membranes (GE Healthcare, Chicago, IL, USA). For blocking non-specific binding, the membranes were incubated in Blocking One reagent (Nacalai Tesque) for 1 h at room temperature. The membranes were incubated with primary antibodies against alpha smooth muscle actin (a-SMA) or Gapdh (for use as an internal control) ( Table 2) for 1 h at room temperature, followed by incubation with the secondary horseradish peroxidase (HRP)-conjugated antibodies shown in Table 2 for 1 h at room temperature. After incubation with ECL Prime detection reagent (GE Healthcare), the blots were imaged using an Omega Lum C imaging system (Gel Company, San Francisco, CA, USA). Albumin uptake assay BSA was labeled with HiLyte Fluor 555 (Dojindo Laboratories, Kumamoto, Japan) according to the manufacturer's protocol. Cells on chamber slides (#154534, Thermo Fisher Scientific) were incubated with labeled albumin (equivalent to 8 lg/mL BSA) for 0, 15 and 60 min under renal epithelial growth conditions. After incubation, culture slides were washed five times with ice-cold PBS. Cells were fixed with 4% paraformaldehyde (PFA) and mounted in ProLong Diamond Antifade Mountant with DAPI (Thermo Fisher Scientific). The samples were imaged using an LSM 710 confocal microscope (Carl Zeiss, Oberkochen, Germany).
Cytotoxicity assay
Cells were incubated with cisplatin (1, 5 or 10 lM) for 24 h under renal epithelial growth conditions. Cells were harvested by collecting the supernatants and by treatment with TrypLE Express dissociation reagent, and stained with Muse Count and Viability reagent (Merck) according to manufacturer's instructions. Cell viability was measured using a Muse Cell Analyzer (Merck).
Three-dimensional cell culture
Three-dimensional (3D) renal tubular epithelial cell culture was performed as previously described (Kaminski et al. 2016) , with minor modifications. Cells were suspended in growth factor reduced Matrigel (#356230, Corning, Corning, NY, USA) after enzymatic and mechanical dissociation using TrypLE Express dissociation reagent and a 25-lm cell strainer. Aliquots of single-cell suspensions (400 cells/20 lL) were dispensed onto chamber slides with a glass coverslip bottom (#80827, Ibidi, Martinsried, Germany) and 24-well plates for immunofluorescent staining and transmission electron microscopy, respectively. The droplets were spread thinly using the tip of a micropipette, and incubated at 37°C for 15 min to induce Matrigel polymerization. After gelation, cells were cultured under renal epithelial growth condition for 7-14 days. For immunofluorescent staining, cells were fixed in 4% PFA for 30 min at room temperature followed by 30 min at 4°C, and incubated with 0.5% Triton X-100 in PBS (0.5% PBST) for 20 min at room temperature.
Immunofluorescent staining
Cells were washed twice in PBS at 37°C, fixed in 4% PFA for 20 min at room temperature, and incubated with 0.3% PBST for 20 min at room temperature. For blocking non-specific binding, cells were incubated with 5% goat serum in 0.3% PBST for 1-2 h at room temperature. Kidneys from adult mice were fixed with 4% PFA at 4°C overnight. The PFA-fixed paraffin sections (5 lm thick) were subjected to normal histological processes and antigen retrieval with sodium citrate buffer (pH 6.0). Sections were incubated with 10% goat serum in 0.3% PBST for 1 h at room temperature. After blocking, cells and sections were incubated with the primary antibodies listed in Table 2 at 4°C overnight, followed by incubation with the secondary fluorescence-conjugated antibodies listed in Table 2 
Transmission electron microscopy
The spheroids were fixed by immersion in Karnovsky solution (2% glutaraldehyde, 2% PFA in 50 mM cacodylate buffer, pH 7.4) and isolated from Matrigel by cutting the gel into small pieces and pipetting strongly. After rinsing in 0.1 M phosphate buffer, the spheroids were post-fixed at room temperature in buffered 1% osmium tetroxide for 2 h. The spheroids were then dehydrated and embedded in epoxy resin. Embedded specimens were sectioned at a thickness of 60 nm using an ultramicrotome (Ultracut N, ReichertNissei, Vienna, Austria), and stained using uranyl acetate followed by lead citrate. Stained sections were examined using an H-7650 transmission electron microscope (Hitachi High-Technologies, Tokyo, Japan).
Statistical analysis
Dunnett's multiple comparison test was carried out using GraphPad Prism 5 software (MDF, Tokyo, Japan), and used for comparisons among three independent groups. A p value \ 0.05 was considered statistically significant.
Results
Characterization of MuRTE61 in monolayer culture
Thirteen clones, designated MuRTE cell lines, were established from the renal cortices of p53-deficient mice. MuRTE cells exhibited a rounded and slightly elongated morphology when cultured on plastic (Fig. 1a) . MuRTE cells also exhibited expression of the Ggt1 gene encoding a gamma-glutamyltransferase, which is a brush border enzyme of PTEC (Fig. 1b) (Spater et al. 1982) . Furthermore, when densely seeded, MuRTE61 alone exhibited a domelike formation, which is a hallmark of cultured PTECs and is considered indicative of the vectorial active transport of ions and water (Fig. 1c ) (Lever 1979; Sens et al. 1999; Kim et al. 2002) . We then performed further experiments, focusing on MuRTE61 by virtue of its unique ability to form dome-like structures. Lateral membrane localization of E-cadherin and bcatenin, which are components of epithelial adherens junction (Aberle et al. 1996) , and tight junction protein ZO-1 (Umeda et al. 2006) in confluent MuRTE61 cells was confirmed by immunofluorescence staining (Fig. 1d) . Immunofluorescence staining also demonstrated that MuRTE61 cells and primary cultured PTECs were positive for megalin, a multiligand endocytic receptor responsible for albumin reabsorption in PTECs (Cui et al. 1996) , and Pax2, a transcription factor for kidney development or renal proximal tubular dedifferentiation (Dressler and Douglass 1992; Kusaba et al. 2014 ), but were negative for uromodulin, a marker for the thick ascending limb of loop of Henle (Hoyer et al. 1979) (Fig. 1e) . Incubation of MuRTE61 with TGF-b1, a known inducer of epithelial-mesenchymal transition (EMT) in epithelial cells including PTECs (Xu et al. 2009; Yang and Liu 2001) , induced fibroblast-like morphologic transformation (Fig. 1f) , increased EMT marker a-SMA protein expression (Fig. 1g) , and abolished Ggt1 mRNA expression (Fig. 1h) . The transcription of Ggt1 in MuRTE61 was clearly decreased (Fig. 1h) , without accompanying changes in morphology or a-SMA production (Fig. 1f, g ), when exposed to an in vitro model of proteinuria (20 lg/mL albumin) Hu et al. 2015) . Thus, MuRTE61 showed an epithelial cell phenotype and, at least partially, a PTEC phenotype.
Next, we performed evaluation of the functional profile of PTECs. Consistent with the megalin expression, endocytotic activity in MuRTE61 was functionally confirmed by albumin uptake assay with fluorescent dye-labeled albumin (Fig. 2a) . RT-PCR and quantitative real-time PCR analyses revealed higher or comparable expression levels of efflux transporter genes, Slc47a1 (encoding multidrug and uromodulin, was not detected in MuRTE61 cells. A transcription factor Pax2 was not detected in renal cortex (data not shown) but nuclear staining of Pax2 was seen in MuRTE61 cells and primary cultured PTECs. f Relief phase contrast images of MuRTE61 before and after stimulation with 20 lg/mL BSA or 5 ng/mL TGF-b1. TGF-b1-stimulated MuRTE61s exhibited a spindle-shaped morphology. g Western blot analysis of a-SMA in cell lysates from MuRTE61 cells before and after stimulation with 20 lg/mL BSA or 5 ng/mL TGF-b1. h RT-PCR for Ggt1 in MuRTE61 cells before and after stimulation with 20 lg/mL BSA or 5 ng/mL TGF-b1. Ggt1 expression was clearly decreased in the BSA-stimulated MuRTE61 cells, or lost in TGF-b1-stimulated MuRTE61 cells. Scale bars, 100 lm (a, e) or 50 lm (c-e) toxin extrusion protein 1, Mate1), Abcc2 (encoding multidrug resistance-associated protein 2, Mrp2), Abcc4 (encoding Mrp4) and Abcb1a (encoding multidrug resistance protein 1A, Mdr1a), compared with those in the primary cultured PTECs (Fig. 2b-d) . These transporters are located in the apical membrane of PTECs and play a role in the urinary excretion of organic cations and anions, as well as drugs (König et al. 2013) . PTECs are vulnerable to toxicity due to their physiological function in mediating the excretion of metabolic waste products and xenobiotics, including toxicants (George et al. 2017 ). MuRTE61 cell death was increased in a dose-depending manner on treatment with the nephrotoxic agent cisplatin (Fig. 2e) , which was accompanied by upregulated expression of the Slc22a2 gene encoding organic cation transporter 2 (Oct2), an uptake transporter that is located in the basolateral membrane of PTECs and is involved in cisplatin transport (Fig. 2f) (Karbach et al. 2000; Yokoo et al. 2007; Kim et al. 2015) .
Characterization of MuRTE61 in the threedimensional matrix culture A single MuRTE61 cell showed the ability to form a spheroid with a lumen in the 3D Matrigel culture (Fig. 3a, b) . In contrast, MuRTE15 and HK-2 cells did not form spheroids or proliferate in the 3D Matrigel culture (Fig. 3a, b) . MuRTE61-derived spheroids exhibited apicobasal polarity and junction formation with apical/lateral border localization of ZO-1 and basolateral membrane localization of E-cadherin and b-catenin (Fig. 3c, d ). The Na?/K? ATPase alpha-1 subunit (Atp1a1), which plays a key role in active transport in renal tubule cells (Katz 1982) , was also detected at the basolateral membrane in MuRTE61-derived spheroids, while the accumulation of F-actin at the apical surface was confirmed by phalloidin staining (Fig. 3c, d) . Consistent with the immunostaining for ZO-1 and F-actin in the spheroids, electron- d Confocal immunofluorescent images of reconstructed z-stack 3D structures of MuRTE61-derived spheroids grown in Matrigel. e Transmission electron microscopy images of MuRTE61-derived spheroids grown in Matrigel. Nu, nucleus; Mv, microvilli; TJ, tight junction; M, mitochondria; P, peroxisome; arrows, endocytic structures. Scale bars, 20 lm (a, c) or 2 lm (e) dense tight junctions and tightly packed microvilli were observed by transmission electron microscopy (Fig. 3e) . Endocytic structures were observed on the apical membrane and cytoplasm of the spheroids (Fig. 3e) , and open lateral space was also seen between the cells (Fig. 3e) .
Discussion
We established 13 MuRTE cell lines from the renal cortices of p53-deficient mice and characterized MuRTE61, the only MuRTE cell line possessing the ability to form dome-like structures, which is a hallmark of cultured PTECs and is considered indicative of vectorial active transport of ions and water (Lever 1979; Sens et al. 1999; Kim et al. 2002) . MuRTE61 cells exhibited epithelial morphologies and cell-cell junctions, and underwent EMT upon TGF-b1 stimulation. MuRTE61 cells expressed high levels of efflux transporter genes related to PTEC function. Although the expression level of an uptake transporter Oct2 was low in MuRTE61 cells, its expression was highly induced in response to treatment with the nephrotoxic agent cisplatin, and was accompanied by increased cell death. It has been reported that p53 is partially responsible for cisplatin-induced nephrotoxicity (Wei et al. 2007; Jiang et al. 2009 ). Thus, p53 deficiency might influence the sensitivity to cisplatin by inhibiting apoptosis in MuRTE61 cell lines. However, by virtue of their ability to uptake cisplatin, the apoptotic rate of MuRTE61 cells to cisplatin was within a similar range to those of several primary cultured PTECs and reliable PTEC lines (Camano et al. 2010; Secker et al. 2017; Nieskens et al. 2018) . Furthermore, MuRTE61 cells expressed a PTECspecific endocytic receptor megalin and showed endocytic uptake activity for albumin. MuRTE61 cells also expressed a transcription factor Pax2. Pax2 is not expressed normally in renal proximal tubules but it is expressed there during regeneration after ischemia reperfusion injury (Kusaba et al. 2014 ) and in developing kidney (Dressler and Douglass 1992) . In addition, we found that Pax2 is expressed in primary cultured PTECs. While these observations indicate that MuRTE61 cells (and even primary cultured PTECs) are not identical to PTECs, MuRTE61 cells demonstrate several key characteristics and functionally resemble PTECs.
In general, a 3D culture model improves the differentiation status of the cultured cells and more accurately imitates the in vivo cells in comparison with a monolayer culture (Antoni et al. 2015; Secker et al. 2017) . As observed in the induced renal tubular epithelial cells (iRECs) as well as in several other mammalian epithelial cells (Kaminski et al. 2016 ), MuRTE61 cells formed spheroids with a central lumen (also called cysts) in the 3D Matrigel culture. The localization of ZO-1 (Gonzalez-Mariscal et al. 2000) , E-cadherin (Marciano et al. 2011 ) and Atp1a1 (Kumar et al. 2015) in the MuRTE61-derived spheroids is consistent with their subcellular localization in PTECs in vivo. The apical tightly packed microvilli seen in MuRTE61-derived spheroids are found on the surface of PTECs (brush borders), but not on that of the other nephron segments (Christensen et al. 2012) . The observed endocytic structures on the apical membrane and cytoplasm of the spheroids indicate endocytosis of luminal solutes, similar to proximal tubule apical endocytosis. Furthermore, the open lateral space, the apical side of which is sealed with a tight junction, seen in the spheroids is found in the S3 segment of renal proximal tubules, but not in the S1/S2 segments (Faarup et al. 2011) . The scattered mitochondria seen in the spheroids are also characteristic of the S3 segment, whereas in the S1/S2 segments of renal proximal tubules they are elongated along the apicobasal axis of the cell (Zhuo and Li 2013; Christensen et al. 2012) . In addition, the basolateral localization of b-catenin seen in the spheroids is unique to the S3 segment among renal proximal tubules (Prozialeck et al. 2004) . Taken together, these results indicate that MuRTE61-derived spheroids could be an in vitro model for the S3 segment of proximal tubules.
The characteristics of MuRTE61 and preexisting mouse proximal tubular cell lines are summarized in Table 3 for comparison. Few preexisting cell lines have been analyzed for pleiotropic PTEC functions, while the MuRTE61 cell line was analyzed for brush border enzymes and structure, transcription factor, endocytic activity, efflux and uptake transporters and sensitivity to nephrotoxic agents. For example, TKPTS, which is the most commonly used mouse proximal tubular cell line with 22 citations, was analyzed for only Mdr1-mediated efflux using an Mdr1 inhibitor in the original article (Ernest and Bello-Reuss 1995) . It is noteworthy that our results showed Abcb1a (encoding Mdr1a) gene expression was maintained in all the MuRTE cell lines compared with the primary cultured PTECs. Moreover, several studies used their own established cell lines (not listed in the table) as proximal tubular cell lines even without characterization (Kröning et al. 1999; Lee et al. 2002; L'Hoste et al. 2007; Woost et al. 2007; Takahashi et al. 2012; Adedoyin et al. 2017) . This is in part because it is generally accepted that isolated nephron segments per se have their own properties; however, there is no guarantee that immortalized cultured cells retain the properties of their parent cells. This concern is particularly significant for PTECs, which rapidly dedifferentiate and lose their characteristic properties when cultured (Bens and Vandewalle 2008) . In addition, we should pay attention to the genetic backgrounds of the cell lines as, for instance, the enzymatic activity of renal tubules differs between mouse strains (Tanaka-Kagawa et al. 1998 ).
In conclusion, we established a comparatively reliable proximal tubular cell line from the mouse kidney. In general, reliable mouse cell lines help develop (3D) cell culture models recapitulating the in vivo system, which contributes to the accurate prediction of experimental results in mice. Furthermore, the detailed analysis of reliable mouse and human cell lines will provide an accurate extrapolation of these results to humans, and may help resolve the apparent inconsistencies between mouse and human toxicity. 
